Carbon-based nanomaterials are being investigated for biomedical applications. Graphene oxide (GO), a monolayer of carbon, holds promise as a tissue engineering substrate due to its unique physicochemical properties. The aim of this study was to evaluate the effect of a GO coating on cell proliferation and differentiation in vitro. We also assessed the bioactivities of collagen scaffolds coated with different concentrations of GO in rats. The results showed that GO affects both cell proliferation and differentiation, and improves the properties of collagen scaffolds. Subcutaneous implant tests showed that low concentrations of GO scaffold enhances cell in-growth and is highly biodegradable, whereas high concentrations of GO coating resulted in adverse biological effects.
Introduction
Carbon-based nanomaterials hold promise for biomedical applications. Nanocarbon materials, such as carbon nanotubes (CNTs) [1] [2] [3] , carbon nanohorns 4) , carbon nanofibers 5) , fullerene 6) , and graphene 7) , have been extensively studied in recent years. It has been reported that graphene oxide (GO), a monolayer of carbon, is a good tissue engineering substrate due to its unique physicochemical properties, including large surface area, high dispersibility and hydrophilicity 8) . GO can promote biological interactions due to its many surface functional groups 9, 10) . Several investigators have reported that GO can serve as a carrier for drugs and other biomolecules 11, 12) . In addition, GO regulates the proliferation and differentiation of cultured mesenchymal stem cells [13] [14] [15] . GO will likely be used in combination with other materials [16] [17] [18] or growth factors 19, 20) in future medical applications, playing a facilitative role with other tissue engineering materials.
Regenerative medicine is the process of tissue engineering of previously irreparable tissues or organs. Tissue engineering strategies involve three major elements: cells, signaling molecules, and natural or artificial scaffolds. Such scaffolds have been developed for use in various tissues such as bone [21] [22] [23] , cartilage 23) , muscle, 24) and skin 25) . Scaffolds for use in regenerative medicine provide the base for the repopulation and specialization of stem cells, blood vessels and extracellular matrices 26) . In general, the surface morphology of the scaffold strongly affects the attachment of surrounding cells and tissues after implantation 27) . Recently, nano-sized substances have been investigated for use as biomaterials 28, 29) . Nanostructures at the surface of the base material enhance some bioactivities due to quantum size effects and the material's large surface area 30, 31) . Early contact between regenerative cells or tissues and the nanostructures facilitate the tissue-reforming process.
Previous studies reported that collagen sponge coated with nano-sized particles of ceramics exhibited cell and tissue ingrowth, bone formation, and high biodegradation 32, 33) . Therefore, we hypothesized that nanomodification using GO would provide novel properties to the scaffold and up-regulate the tissue-reforming process. Although we previously developed GO-coated collagen scaffolds, the effects of the GO coating have not yet been investigated in vivo. Accordingly, the aim of this study was to evaluate the bioactivities of collagen scaffolds coated with different concentration of GO in rats to assess the biocompatibility and biodegradability of the scaffolds. We also evaluated the effects of GO coating on cell proliferation and differentiation in vitro.
Materials and methods

Preparation of GO coating film
Aqueous GO dispersion (1 wt%, Mitsubishi Gas Chemical, nano GRAX®) was prepared as described previously 34) . The thickness of the GO monolayer was ~1 nm and the average width was about 20 μm. Thin GO films were prepared on culture plates (40 mm dish, Trasadingen, TPP) using 1 ml of 0. GO coating was used as a control. The porosity of the scaffolds was calculated according to the following equation: porosity = 100 × (1-ρ1/ρ2), where ρ1 is the bulk density, ρ2 is the theoretical density of the scaffold. Subsequently, GO-coated scaffold was characterized by SEM observation and compression tests. The compressive strength was measured using a universal testing machine (Shimadzu, EZ-S) with the cross-head loading speed set at 0.5 mm/min.
Biocompatible test for GO-coated scaffold
In order to evaluate cytocompatibility, 4×10 4 MC3T3-E1 cells were seeded on GO-coated scaffold and cultured in humidified 5% CO2 at 37° C using medium supplemented with 10% FBS and 1%
antibiotics. Cell viability was assessed after 1, 3, and 7 days' culture using a cell counting kit-8 . Eighteen 10-week-old male Wistar rats weighing 190 to 210 g were given general
anesthesia by intraperitoneal injection of 0.6 ml/kg sodium pentobarbital (Kyoritsu Seiyaku, Somnopenthyl), as well as a local injection of 2% lidocaine hydrochloride with 1:80,000 epinephrine (Dentsply-Sankin, Xylocaine Cartridge for Dental Use). After a skin incision was made, each scaffold was implanted into the subcutaneous tissue of the back of each rat. Skin flaps were sutured (GC, Softretch 4-0) and tetracycline hydrochloride ointment (POLA Pharma, Achromycin Ointment) was applied to the wound. Rats were euthanized using an overdose of sodium pentobarbital (2 ml/kg) at 10 or 35 days post-surgery.
DNA content of implanted scaffolds
Several implants were extracted from the wound after 10 days and freeze-dried. Following pulverization, the DNA content of each sample was examined using a DNA quantification kit.
Histological analysis
Several samples at 10 and 35 days were collected for histological observation. The tissue blocks, including the surrounding soft tissue, were fixed in 10% buffered formalin, embedded in paraffin wax, and cut into 6 μm sections. Sections were stained with hematoxylin-eosin (HE). Three stained sections were taken, one from the center of the scaffold and one 1 mm from either side of the center, and examined the sections using light microscopy. Histomorphometric measurements, including the area of the implanted scaffold, tissue ingrowth, and the number of giant cells, were performed using a software package (National Institute of Health, Image J 1.41).
Statistical analysis
The means and standard deviations of each parameter were calculated for each group. Statistical analysis was performed using the Scheffé test on each measurement. P-values <0.05 were considered statistically significant. All statistical procedures were performed using a software package (SPSS Japan, DR. SPSS 11.0).
Results
In vitro assessment of GO film
Contact angle measurements revealed the highly hydrophilic nature of GO. The contact angle to 1 wt% GO film [ Fig. 1(e) ] was significantly lower than that to 0.1wt% GO [ Fig. 1(d) ] and to the culture dish [ Fig. 1(c) ]. SEM observation revealed that osteoblastic MC3T3-E1 cells attached to the GO film [ Fig. 2 ], but cell spreading was suppressed on films with a high concentration of GO compared to the culture dish control [ Figs. 2(e) and 2(f)]. The time-dependent increase in DNA levels in 0.1 wt% GO was similar to that of the control, suggesting that a low concentration of GO in the film exhibits good cytocompatibility. However, films with a high concentration of GO significantly inhibited both cell proliferation and ALP activity [ Fig. 3 ].
Characterization of GO-coated scaffold
GO nanosheets attached to the surface of collagen scaffold fibers were observed using SEM [Figs.
4(b)-4(g)]:
low concentrations of GO showed a corrugated surface whereas high concentrations of GO showed a rough surface. The GO-modified surface was also confirmed on the central region of the scaffold [Fig. 4(g) ]. The porosity of each scaffold was calculated to be > 96%. There was no significant difference in porosity between non-coated and 0.01 wt% GO-coated scaffold. The compressive strength of GO-coated scaffold was approximately 4-fold greater than that of the collagen-only scaffold, a difference that is statistically significant. In addition, the strength of 0.5 wt% GO-coated scaffold was significantly greater than that of 0.01 and 0.1 wt% GO-coated scaffold
[ Table I ].
Cytocompatibility of GO-coated scaffold
Osteoblastic MC3T3-E1 cell proliferation on 0.01 wt% GO-coated scaffold was equivalent to that of the control. In contrast, cell proliferation was significantly inhibited on 0.1 and 0.5 wt% GO-coated scaffold 
Histological observations at 35 days
In the control group, considerable resorption of the implant was clearly detectable [ Fig. 7(a) ].
Evidence of cell ingrowth with giant cells was frequently observed in the residual scaffold material Measurements of the degradability of each scaffold are presented in Figure 8D . Both 0.01 wt% GO scaffold and the control degraded rapidly, whereas there was significant residual scaffold from the 0.5 wt% GO scaffold at 10 and 35 days.
Discussion
Regenerative scaffolds need to exhibit biologically compatible surface morphology, porosity, physical strength and biocompatibility 36) . In the present study, SEM observations revealed clear morphological changes of collagen scaffolds following GO-coating. Ordinarily, the cell-biomaterial interfacial morphology strongly affects the induction of cell reactions 37, 38) . Many investigators have demonstrated that nano-/micro scale structures of bio-based materials exhibit advantageous properties for tissue engineering processes [39] [40] [41] . Additionally, nano-modification can increase the surface area of biomaterials for cell attachment and signaling molecules adsorption 42) . Therefore, nano-modifications using GO might provide good structure for colonization by several cell types and multi-cellular organisms.
In general, the physical strength of the regenerative scaffold plays a facilitative role in maintaining space for cell ingrowth 22, 43) . In this study, GO coating significantly raised the compressive strength of the collagen scaffolds, likely due to the GO nanosheet assembling on the strut of the collagen scaffold and reinforcing the scaffold. Regenerative scaffolds are designed to have high porosity for tissue ingrowth, but a highly porous structure lowers physical strength 44) . SEM images showed that collagen sponge foam coated with GO had porous, open interior spaces required for cell colonization.
Furthermore, the high porosity of GO scaffolds was confirmed by calculations of the porous structure.
Taken together, the data indicate that GO coating reinforces collagen sponge stability without altering its porous structure.
Inflammatory cells such as neutrophils and lymphocytes were rarely seen around the GO-modified implants, and fibroblast cells and blood vessels frequently penetrated scaffolds coated with 0.01 wt% GO. Collagen scaffolds consisting of atelocollagen are a biocompatible material 45, 46) . Our results indicate that collagen scaffold coated with a low concentration of GO is a good biocompatible material. However, histological specimens in contact with scaffolds with high concentrations of GO showed the accumulation of macrophage-like giant cells, whereas no significant increase in DNA content and or cell proliferation was observed in vitro. These biological responses may be caused by an overdose of GO, so optimum concentrations of GO should be used to prevent reactions detrimental to healing. We speculate that inhibitory biological effects are involved in a high concentration of GO. Cells attach to hydrophobic surfaces via their cell membrane 47, 48) , but 1 wt% GO films provide a fairly hydrophilic surface. Lee et al. have demonstrated that contact angle of GO film was lower than that of reduced GO film without functional groups 14) . Therefore, many hydrophilic groups would cause low cell adhesion on a high concentration GO coating. In addition, GO induced significant production of reactive oxygen species (ROS) which slightly decreases cell viability 49) . It therefore seems likely that ROS production and a hydrophilic surface resulting from a high concentration GO coating increase cytotoxity and suppress cell proliferation both in vitro and in vivo.
Regenerative scaffolds must support the rapid growth of reforming tissue at the healing site.
Histological measurements showed that 0.01 wt% GO-coated scaffold resorbed easily into reconstructed tissue. In contrast, 0.5 wt% GO-coated scaffold was scarcely phagocytized, regardless of the accumulation of macrophage-like cells. Therefore, it was suggested that scaffold coated with a high concentration of GO exhibited low degradation in the body. In general, infection risk is increased by residual material exposure. Furthermore, previous histological findings indicated that GO was frequently engulfed by macrophage-like cells, and there was evidence of residual graphene in cell lysosomes following phagocytosis 50) . In contrast, long-term (2 year) histological examination revealed that oxidized CNTs had degraded inside macrophages in rat subcutaneous tissue 51) . The degradation of GO-based nanomaterials, and a systematic method for testing the safety of nanocarbon materials, must be established in the future.
Conclusions
The present study focused on the effects of a graphene oxide coating on the cell proliferation and differentiation of biomaterials for developing a tissue engineering scaffold. GO coating improved several biomedical properties of collagen scaffold including surface structure, compressive strength and cell ingrowth. A low concentration GO film did not inhibit cell proliferation or differentiation in vitro, and enhanced biocompatibility and biodegradability. Therefore, scaffold modified by a suitable concentration of GO holds promise as a biomaterial for tissue engineering.
